Abstract. Direct volume visualization has recently gained importance as a tool for the analysis of intracranial aneurysms focused on therapy planning. CT-angiography (CTA) intensities are mapped to color and opacity values by so called one-dimensional transfer functions. In this work, we introduce 3D-visualization of intracranial aneurysms making use of transfer functions based on measured values and gradient magnitudes extracted from the CTA data. Furthermore, we present a tool for the creation of 2D transfer functions in the clinical environment. The visualization application runs on standard PCs equipped with modern 3D graphics cards. Evaluations were carried out on 17 clinical cases from our archive. Clear improvements with respect to standard volume visualization were observed especially in the area of the skull base, where the arteries are difficult to separate from the bone. Effective separation of skull and arteries was achieved even for cases where the critical vascular structures were embedded in osseous tissue.
Introduction
Direct volume visualization has proven its importance for therapy planning of intracranial aneurysms [2, 3] . CTA data provides the basis to create renderings of vascular structures through the mapping of intensities to color and opacity values by the so called transfer function (TF). Due to the characteristics of the source data and the occurring partial volume effect, the mentioned standard TF produce good quality results only if the vessels are anatomically well separated from the skull base. Otherwise, the similarity between measured intensities for osseous tissues and vascular structures filled with contrast agent leads to incorrect or non-clear 3D-visualizations of the lesions.
Moreover, intracranial aneurysms often occur close to the skull base [9] , which makes it difficult or even impossible to achieve a clear volume visualization based on standard TF. A possibility to overcome this problem could be subtraction-CTA, however, it implies double radiation exposure for the patient. Another alternative could be to extract further features from the data in order to create multidimensional TF. As a result of that, the increased flexibility allows clearer representation of the structures of interest.
Transfer functions based on intensity and gradient magnitude values were first introduced by Levoy [6] . Recently, Kniss and Kindlmann [5] proposed a tool that permits interactive manipulation of multidimensional TFs for volume visualization. In addition to that, we introduce 2D TFs to the clinical problem of aneurysms close to the skull base. We propose the use of this strategy for therapy planning, by providing clinically suited tools for the creation and interactive manipulation of 2D TFs. The proposed approach does not require any special hardware for volume visualization and it was implemented on PCs equipped with 3D graphics cards.
2D Transfer Functions
Direct volume visualization is based on the solution of the radiance equation for light transport [6] . Physical quantities describing the light emission and absorption are assigned to every voxel. This process is usually done by means of transfer functions that map data values to colors (emission) and opacities (absorption). The standard 1D TF approach is only based on the mapping of measured intensities. 2D TFs as proposed by Levoy [6] were aimed to produce isosurfaces from volume data. As a drawback of this strategy, previous knowledge about the characteristics of the data is required in order to achieve the desired results. Kindlmann [4] proposed an approach for the semi-automatic creation of 2D TFs. The main idea focuses on the creation of TFs that put emphasis on material boundaries. A boundary model represented by the erf function (see figure 1.a) is defined and the behavior of the gradient at the boundary is analyzed. The erf function corresponds to a 1-dimensional CT-scan representation of an ideal boundary. Figure 1 .a shows the shape of the measured value and the gradient function around the boundary center. It is easy to see how the maximum gradient value is reached at the middle point of the boundary as one might expect.
This idea is extended to volume data where the intensity functions are 3D. Since it can be assumed that ideal boundaries are recreated by the CT-scan according to the mentioned boundary model, one can expect the same kind of behavior from the volume data. We have taken a slightly simplified approach in comparison to the 3D histogram from Kindlmann, in order to obtain information about boundaries within the source data. The gradient magnitude is extracted for every voxel in the dataset. Then, 2D histogram is computed where the x-axis corresponds to the measured intensity and the y-axis corresponds to the gradient magnitude. The obtained data is plotted as a 2D plane assigning gray values according to the number of occurrences for each coordinate. The final result is represented in figure 1 .b. Patterns can be observed, where the characteristic curves for the gradient function become evident. Now it can be assumed that for every arc shown in the 2D histogram, there is a boundary in the volume data. Moreover, the average location of the boundary center is indicated by the intensity that takes the highest value in the gradient function. Transfer functions have to be shaped following the information available in the 2D histogram.
Kniss et al. [5] proposed an user interface for the creation of multidimensional TF through interactive manipulation of widgets. This strategy, which is based on the works from Levoy and Kindlmann, produced renderings of good quality for CT-data. Even so, this approach requires a great deal of expertise about multidimensional TF [7] . In this work, we produced TFs that yield to volume renderings where vascular structures are clearly identifiable, even if these are located next to the skull base. This was achieved by providing the adequate tools for the clinical use of 2D TF for direct volume visualization of CTA data.
Transfer Function Editor
As already mentioned, TFs have to be shaped according to the boundaries contained within the dataset. In order to simplify this task, a TF editor which provides tools for rapid creation of 3D-visualization of CTA data was developed.
Information about the tissues and boundaries contained in the data is presented in the form of the 2D histogram that has been computed at loading time. The histogram is applied as background for the work area which is used for creation and adjustment of transfer functions (see figure 2) . The investigator can paint the TF as a 2D image. Editing is carried out using the histogram as guidance parameter, always providing information about the tissues and their boundaries. Moreover, since tissues and their boundaries are clearly identified in the histogram, it is possible to apply colors and opacities to each structure individually. One can for example, put emphasis on the vessel side of the vessel/skull boundary and in this manner reduce the artifacts produced by partial volume effects.
Operation of the editor is based on the boundary function widget that we developed. Kindlmann [4] proposed semi-automatic creation of TFs based on the intensity and gradient magnitude producing promising results with reference CT-datasets. Nevertheless, experiments with this approach proved it to be less effective with CTA datasets. One of the determining factors is the required fine tuning of threshold parameters as a preprocessing step. These parameters have to be adjusted according to the individual characteristics of each dataset. Misadjustment produces shifting of the transfer function and as a result, target structures become unrecognizable. We propose the use of a widget that replicates the shape of the gradient function around the ideal boundary and makes it possible to create boundary functions adjusted by the user interactively. As discussed before, around the boundary center the gradient function takes the shape of a Gaussian curve. In order to provide smooth real-time interaction, the function is modeled using quadratic Bézier curves whose control points can be shifted in real time (see figure 2) . Since the widget replicates the shape of the boundaries that are shown in the 2D histogram, it is easy to determine were to place it initially and then to adjust it.
Parameters for the widget like boundary opacity and width can be adjusted with data sliders. Colors and opacities are easy to assign with standard color dialogs and results are available in real time. Global controls for intensity and opacity are provided permitting fine tuning of the final 3D-visualization. The created TFs can be saved to use them as templates for other datasets. Since the behavior of the gradient function around the boundary is consistent for every dataset, only fine tuning of the templates is necessary.
Integration into Volume Rendering: 3D-visualization is performed making use of the pixel shader unit available on PC graphics cards [8] . A 3D RGBA texture with the same size as the CTA dataset is used as previous texture for the dependent texture operation; intensity values and gradient magnitudes extracted from the source data are stored as the R and A components of every texel. The 2D TF is stored as a 256 × 256 texture which is used as dependent texture. As a result, the RGBA output of the shader unit contains the mapping of the source data to color and opacity values made by the 2D TF. In addition to this, per-voxel gradients are stored and used to compute per-pixel Phong illumination making use of the register combiners. The output values of the shader unit are then used for texturing the parallel planes that make up the visualization as proposed by Cabral et al. [1] .
Since the gradient and its magnitude are computed only once at loading time and the TF is applied by the graphics hardware, the process of adjusting the transfer function is interactive and it is supported by real-time feedback.
Results and Discussion
The presented strategy have been validated with a set of 17 clinical cases. The source CTA data was obtained with a spiral-CT scanner. The reconstructed voxel size of the datasets is 0.23 × 0.23 × 0.5mm
3 . The applied datasets consisted of images with a 512 × 512 matrix and 70-130 slices. In order to focus on the lesion, sub-volumes containing the area of interest for each dataset were created using a resolution of 256×256×64 voxels. No preprocessing such as explicit segmentation was necessary. The presented approach was evaluated in comparison to intraoperative observations (see figure 3 ) and 3D renderings obtained with 1D TFs [2] . On a first stage, different TFs aimed to achieve clear delineation of vascular structures and osseous tissues removal were created. Once these templates were available, the fine adjustments for each particular dataset required a short period of time.
Especially in areas with intensive presence of partial volume effects, the results obtained with the suggested technique led to improved visualizations when compared to using 1D TFs. The case presented in figure 4 shows an intracranial aneurysm located at the skull base and under osseous tissue. It can be appreciated how the rendering produced with 1D TF fails to clearly separate the aneurysm from the skull at the upper side of the lesion, while 2D TF visualization is able to faithfully delineate the different tissues. Also, vessels running next and through the skull are better represented. 3D-visualizations of the sub-volume containing the area of interest in this case show the value of the presented approach (see figure 5 ). In this particular example, the parent vessels are located next to the skull base. Renderings obtained with 1D TFs are not able to clearly delineate the target structure since it is located behind osseous tissue. 2D transfer functions allow to suppress the skull providing a clear view to the areas of interest, even if they are hidden by osseous tissue.
A second example shows the value of the approach for cases with strong partial volume effects (see figure 6 ). This aneurysm is embedded in the skull base. Again, the parent vessel is located underneath osseous tissue. Artifacts produced during the CT-scan, which affect the aneurysm area, represent an additional difficulty. The achieved results are similar to those obtained with explicit segmentation techniques. Although partial volume effects prevent the TF from completely suppressing the skull, areas of interest are clearly delineated. This information help to plan therapy in a more efficient and precise way.
Conclusion and Perspectives
The presented work demonstrates the possible value of direct volume rendering making use of 2D transfer functions for (surgical) therapy planning, since precise 3D-visualization of aneurysms located close to the skull base is obtained.
The developed tools provide the frame-work for easy application of this strategy. Adjustment of a transfer function template for each particular case takes less than 10 minutes per patient. Further developments will aim at the automation of this process. The main advantage of the presented approach over 1D transfer functions becomes evident when partial volume effects prevent a clear delineation of lesions. On the other hand, interactive frame rates were achieved making use of PCs equipped with consumer graphics cards. Thereby, the process of creating the transfer functions is supported by real-time feedback, and the presented technique is made affordable for standard clinical application.
Altogether, the suggested approach allows a clear and precise separation of anatomical structures with reduced differences in data values and generally makes direct volume visualization more useful for therapy planning, even for aneurysms within the skull base. 
